10-6 AM Mo, although showing good growth, had only 15% as much N2-fixing activity. In the presence of W the synthesis of both nitrogenase components, molybdoferredoxin and azoferredoxin, was affected. Attempts to produce nitrogenase in W-grown cells by addition of high molybdenum to the media in the presence of inhibitors of protein synthesis showed that Mo incorporation into a possible inactive preformed apoenzyme did not occur. Unlike other molybdoenzyme-containing cells, in which W either is incorporated in place of Mo to yield inactive protein or initiates the production of apoprotein, C. pasteurianum forms neither a tungsten substituted molybdoferredoxin nor an apoprotein. It is concluded that in C. pasteurianum molybdenum is an essential requirement for both the biosynthesis and activity of its nitrogenase.
It has been known for many years that N,-fixing organisms require molybdenum for growth when fixing dinitrogen (3) , this requirement being due to the presence of the metal in one of the two main proteins of the nitrogenase complex (6, 9, 12, 13, 19, 25) .
Recently, attempts have been made to elucidate the function of molybdenum in the nitrogenase of Azotobacter vinelandii (2) and Klebsiella pneumoniae (5) , and some conclusions have been drawn about the participation of this element in the induction and catalytic activities of the nitrogenase components.
In this paper we wish to clarify the role played by molybdenum in nitrogen fixation in Clostridium pasteurianum W5 cells.
MATERIALS AND METHODS
Growth of organism. C. pasteurianum W5 was grown as previously described (P. T. Bui, Diss. Abst. 29:909, 1968 ) except that molybdenum was omitted. When required, sodium molybdate and/or sodium tungstate were added at the indicated concentrations.
For enzyme purification, cells were grown under N, in a 160-liter steel fermentor maintained at pH 5.9 that was inoculated (2%) from a chemostat culture growing at an absorbance at 550 nm of 1.5. All chemostats used in this study were limited in sucrose. When an absorbance of 4.0 was reached the cells were harvested, washed and dried under vacuum, and stored until needed.
In the studies of tungsten incorporation the inocula were taken from a chemostat culture maintained under argon with 10-4 M Na,WO4 and 3 x 10-3 M (NHj,SO4, and the cells were grown under N, at the same concentration of W and ammonia. When the ammonia was exhausted (as indicated by the growth curve and by the absence of ammonia in the supernatant) the culture was derepressed under N, in the presence of W, and the cells were harvested and treated as described above.
In competition experiments, cells from a chemostat that contained 10 uM Mo were used as inocula, and subsequently the W:Mo ratio was adjusted as desired.
Cells for whole-cell experiments were grown under N, in 400-ml flasks in media buffered with 0.05 M succinate, pH 5.85. Cell growth was determined turbidimetrically during the log phase by absorbance readings at 550 nm in Baush and Lomb spectronic 20. Preparation of extracts and specific activity determination. The crude extracts and purified nitrogenase proteins were prepared as previously described (33) . When necessary, specific details are given in the text.
The nitrogen-fixing ability of the whole cells, crude extracts, and purified components was determined by measuring acetylene reduction activity, a known indicator of nitrogenase (11) .
In whole cells acetylene reduction was followed at 30 C in 8.0-ml serum bottles filled with 0.20 atm of C,H, and 0.80 atm of argon. The reaction mixture of 2 ml contained 1.9 ml of cell culture and 0.1 ml of 0.05 M succinate buffer at pH 5.85, 2% in sucrose.
Molybdoferredoxin and azoferredoxin activities were determined upon titration with the complementary purified component (33 Analytical methods. Molybdenum and tungsten were determined colorimetrically by the method of Cardenas and Mortensen (8) . Ammonia was measured by nesslerization after diffuson and absorption of the gas in 5 mM H2S04 in Conway dishes (10).
Electron paramagnetic resonance (EPR) spectra were recorded at 20 K in a Varian V-4500 X-band spectrometer.
Protein was estimated by the biuret and Lowry methods (14, 24) . In the whole-cell experiments the protein was measured in the following manner. Samples (10 ml) (absorbance at 550 nm between 1.0 to 1.5) were removed from the cultures and transferred to heavy-walled polyethylene centrifuge tubes containing 1.0 ml of 50% trichloroacetic acid. The contents were mixed thoroughly and centrifuged at 10,000 rpm for 5 min, and the supernatant was discarded. Five milliliters of 5% trichloroacetic acid was added to each tube, and the pellet was resuspended and recentrifuged under the same conditions as above. One milliliter of 2 N NaOH was added to each tube containing the washed cell pellet, and the tubes were incubated for 30 min in a 40 C bath and swirled gently until almost all cloudiness disappeared. Distilled water (9 ml) was then added to each tube, .and 0.5-ml aliquots were assayed for protein content by the Lowry method (24) .
RESULTS AND DISCUSSION Effect of molybdenum on growth and nitrogenase activity. When the influence of added molybdate on clostridial cultures was studied, no significant difference in growth could be detected over the wide range of concentrations used ( Fig. 1) . At molybdate concentrations as low as 3 x 10-6 uM in the culture media (curve not presented) the cells showed "normal" growth rates and reached the stationary phase between 20 and 30 h. Molybdenum at a concentration of 10 mM inhibited the growth.
In contrast to the effect on growth, the activity levels of nitrogenase were affected markedly by the molybdate concentration in the media (Fig. 2) . At a calculated concentration of 3 x 10-6"M, when molybdenum was undetectable by any of the most sensitive analytical methods available, the cells retained 15% of their normal nitrogenase activity, whereas under the same conditions the cells grew normally. These results show that molyb- denum is required for maximal nitrogenase activity. In addition they indicate that the concentration of nitrogenase in cells with excess Mo is much greater than needed to maintain growth. A similar requirement has been established for Azotobacter nitrogenase (2, 26) and for other molybdoenzymes (21, 29, 32) in which reduced molybdenum seems to play an essential catalytic role (1, 4, 23) .
Effect of W on growth and activity. The role played by molybdenum in clostridial nitrogenase has been further established by studying the inhibitory effect of W on both growth and nitrogen-fixing ability. Figure 3 shows the growth lag produced by addition of increasing amounts of sodium tungstate to the culture media. At ratios of W:Mo of 400 and higher the growth lag period was over 30 h. The maximum growth rate was restored when the W:Mo ratio was lowered by adding molybdenum.
The inhibitory effect of added tungstate on whole cell nitrogenase activity is presented in Fig. 4 Site of tungsten inhibition. The inhibition by tungsten of molybdenum-supported N2 fixation was studied further. In Table 2 the decrease in nitrogenase activity in the presence of tungsten is compared to the external and internal concentration of both molybdenum and tungsten. The data strongly suggest that W inhibits molybdenum uptake by cells of C. pasteurianum.
When cells grown on media low in molybdenum were switched to a high tungsten concentration, nitrogenase production practically ceased, whereas growth still increased exhausting the excess molybdenum previously stored To test this possibility the cells were grown at room temperature in a low concentration of molybdenum and 50 uM tungsten. At mid-exponential phase (after 15 to 20 h) the culture medium was made 100 AM with molybdenum both in the presence and absence of inhibitors of protein synthesis, rifamycin, and chloramphenicol (16, 18) . After 4 h of treatment the cells were analyzed for nitrogenase activity and their content of protein, Mo, and W. In the presence of rifamycin the results shown in Fig. 5 were obtained. Similar results also were obtained with chloramphenicol. The data show that the nitrogenase remained constant in the cultures containing rifamycin, whereas in its absence specific activity doubled in the presence of molybdenum. The permeation of molybdenum in the presence of the inhibitor was not affected significantly since 80% of the Mo found in the control could be detected in the treated cells. The tungsten levels within the cells varied according to the outer molybdenum concentration. The obvious interpretation of these results is that an in vivo incorporation of molybdenum into a pre-existing nitrogenase-inactive apoenzyme did not take place, possibly either because W is unable to induce the formation of the apoenzyme or because Mo under the experimental conditions used is not capable of substituting for W firmly bound to the protein.
To rule out the latter altemative, attempts were made to incorporate tungsten into the molybdoprotein and to isolate this protein. In a first set of experiments clostridial cells growing for 2 weeks under argon in a chemostat culture (6 mM in ammonia and 10' M in Na2WO.)
were used as an inoculum for a 160-liter culture which was grown under the same conditions but under an atmosphere of N2. When ammonia was exhausted the cells were harvested and dried under vacuum overnight, and crude extracts and enzymes were obtained as indicated above. Additional cultures were prepared in the same manner except that the cells were allowed to remain under nitrogen, after ammonia exhaustion, for 1, 2, 3, 4, and 8 h to see whether derepression of nitrogenase complex took place. Neither molybdoferredoxin nor azoferredoxin could be detected in crude extracts of cells from any of the above cultures. In addition neither of the two nitrogenase components were isolated or detected by the usual means of purification, nor were EPR signals for molybdoferredoxin and azoferredoxin, which were clearly perceptible in parallel run controls, present in either crude extracts or purified fractions. Tungsten, Table 5 .
It is concluded, therefore, that in C. pas- aCells were grown in a medium containing ammonia and 100 AM Na2WO4 and were allowed to "derepress" under N, for 4 h after ammonia was exhausted. Dried cells (215 g) were used for purification as described elsewhere (33) . Neither molybdoferredoxin nor azoferredoxin activity could be detected during the course of purification. After filtration of fraction III through Sephadex G-100 only ferredoxin was identified, and the W was detected as free tungsten.
teurianum tungsten is not incorporated into molybdoferredoxin in place of Mo. Its inhibition with respect of molybdenum is not exerted by producing an inactive molybdoferredoxin with W instead of Mo.
It is still possible that tungsten is incorpo- (27) , and very recently Johnson and co-workers succeeded in isolating a substituted W-sulfite oxidase from rat liver (20) .
Role of molybdenum in the induction of the synthesis of nitrogenase components. The above results support the idea that molybdenum is an essential catalytic element for N2 reduction in clostridial cells. However, it is also possible that it is required to induce molybdoferredoxin and azoferredoxin formation. Actually, A. vinelandii grown under derepression conditions in the presence of Na,WO, with no added Mo synthesizes inactive molybdoferredoxin and normal levels of azoferredoxin (2, 26), whereas in Klebsiella pneumoniae neither nitrogenase component was synthesized in the absence of molybdenum (5) .
The nitrogenase activities of clostridial cells grown at varying W:Mo ratios are given in Table 6 . As observed, the activity of azoferredoxin always paralleled but was less concentrated than that of molybdoferredoxin. This suggests that in C. pasteurianum active molybdoferredoxin is required for azoferredoxin synthesis. An alternative explanation might be that molybdenum is an inducer of both nitrogenase components. However, the formation of azoferredoxin in Azotobacter in the absence of Mo (26) or in the presence of W (2) and the order of synthesis of both components in C. pas- teurianum recently reported (30) , strongly imply that in these cells molybdoferredoxin or a molybdenum cofactor is required to initiate the synthesis of their nitrogenase iron component.
